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ABSTRACT
Context. Protoplanetary disks around young stars are the birth-sites of planets. Spectral energy distributions and direct
images of a subset of disks known as transition disks reveal dust-depleted inner cavities. Some of these disks show
asymmetric structures in thermal submillimetre emission and optical scattered light. These structures can be the result
of planet(s) or companions embedded in the disk.
Aims. We aim to detect and analyse the scattered light of the transition disk J160421.7-213028, identify disk structures,
and compare the results with previous observations of this disk at other wavelengths.
Methods. We obtained and analysed new polarised intensity observations of the transition disk J160421.7-213028 with
VLT/SPHERE using the visible light instrument ZIMPOL at R′-band (0.626µm). We probed the disk gap down to a
radius of confidence of 0.1” (∼15 AU at 145 pc). We interpret the results in the context of dust evolution when planets
interact with the parental disk.
Results. We observe a gap from 0.1 to 0.3” (∼15 to 40 AU) and a bright annulus as previously detected by HiCIAO
H-band observations at 1.65µm. The radial width of the annulus is around 40 AU, and its centre is at ∼61 AU from
the central star. The peak of the reflected light at 0.626µm is located 20 AU inward of the cavity detected in the
submillimetre. In addition, we detect a dip at a position angle of ∼46.2± 5.4◦. A dip was also detected with HiCIAO,
but located at ∼85◦. If the dip observed with HiCIAO is the same, this suggests an average dip rotation of ∼12◦/year,
which is inconsistent with the local Keplerian angular velocity of ∼0.8◦/yr at ∼61 AU.
Conclusions. The spatial discrepancy in the radial emission in J160421.7-213028 at different wavelengths is consistent
with dust filtration at the outer edge of a gap carved by a massive planet. The dip rotation can be interpreted as fast
variability of the inner disk and/or the presence of a warp or circumplanetary material of a planet at ∼9.6 AU.
1. Introduction
Recent observations of transition disks (TDs) have provided
insight into the processes of planet formation and circum-
stellar disk dissipation (e.g. Espaillat et al. 2014). High-
contrast imaging in the optical and near-infrared regime
and observations at millimetre wavelengths not only re-
vealed large clear inner cavities, but also several types of
structures such as spiral arms, asymmetries, dips, and disk
eccentricities (e.g. Garufi et al. 2013; van der Marel et al.
2013; Quanz et al. 2013; Avenhaus et al. 2014; Thalmann
et al. 2014; Benisty et al. 2015). Different processes that
are not mutually exclusive, can rule the disk evolution and
create the observed structures, such as photoevaporation or
magneto-rotational instabilities (e.g. Alexander et al. 2014;
Flock et al. 2015).
Spatially resolved observations at different wavelengths
are required to distinguish the physical fingerprints that
each of these mechanisms leaves on the dust and gas dis-
tribution of protoplanetary disks. For example, the spatial
segregation between small and large particles, as observed
for several TDs (e.g. Garufi et al. 2013), is a natural con-
sequence of filtration effects caused by particle traps (e.g.
Rice et al. 2006; Zhu et al. 2012; de Juan Ovelar et al. 2013).
One way to form a particle trap is planet-disk interaction:
? Based on observations performed with VLT/SPHERE under
program ID 095.C-0693(A)
at the outer edge of a planetary gap, a region with posi-
tive pressure gradient can stop the fast inward migration of
large dust particles (e.g. Pinilla et al. 2012, 2015).
In this letter, we present polarimetric differential imag-
ing (PDI) of the transition disk around J160421.7-213028
(hereafter J1604), obtained with the subsystem ZIMPOL
of the SPHERE instrument of the Very Large Telescope
(VLT), at R′ band (0.626µm). This disk is a member of the
Upper Scorpius association (Preibisch & Zinnecker 1999),
which is 5-10 Myr old (Pecaut et al. 2012), and it is lo-
cated at ∼145 pc (de Zeeuw et al. 1999). The disk is
an excellent candidate to identify structures because it has
one of the largest cavities reported in TDs and is seen al-
most face-on (∼6◦, Mathews et al. 2012). Its cavity was
resolved with observations from the Submillimeter Array
(SMA) (Mathews et al. 2012) and was recently observed
with the Atacama Large Millimeter/submillimeter Array
(ALMA) in Cycle 0 (Zhang et al. 2014), with a beam size
of 0.73′′× 0.46′′ (106× 67 AU at 145 pc). The observations
with ALMA showed that the gas cavity is much smaller
than the mm-dust cavity (radius of 31 AU inferred from
CO emission vs. 79 AU from the continuum, Zhang et al.
2014). In addition, near-infrared polarised intensity images
obtained with HiCIAO at 1.6 µm (Mayama et al. 2012) re-
vealed an asymmetric ring of ∼63 AU radius, with a dip
located at a position angle (P.A., measured from north to
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Fig. 1. R′ band (0.626µm) VLT/SPHERE/ZIMPOL images of J1604 (they are not scaled by r2). From left to right: polarised
intensity (PI), polar-coordinate Stokes parameters Qφ and Uφ respectively, such that PI =
√
Q2φ + U
2
φ. The clean Uφ image
shows that we had an optimal correction for the instrumental polarisation. The colour scale is the same for the three panels; it is
linear and in arbitrary units. The dashed lines in the left panel correspond to 0.35 and 0.48 arcsec, which is the region where the
azimuthal profile is calculated in Fig. 3 to distinguish the dip.
east) of 85◦. A tentative second dip was suggested at P.A.
of 255◦.
This letter is organised as follows. In Sect. 2 we describe
the observations and data reduction. The main results from
the data analysis and the comparison with previous obser-
vations of this disk is presented in Sect. 3. We conclude
with the discussion and perspectives in Sect. 4.
2. Observations and data reduction
VLT/SPHERE/ZIMPOL observations of J1604 were per-
formed on June 10, 2015, as part of the observing run
095.C-0693(A). We have used field tracking, polarimetric
(P2) mode with the R′ filter (λ0 = 0.626µm, FWHM
= 0.148µm) for both cameras. Although there is cur-
rently no alternative to ZIMPOL for polarimetric imaging
of southern targets in the visible, the R = 11.8 magni-
tude of J1604 (Cutri et al. 2003) poses a serious challenge
for SAXO, the SPHERE extreme adaptive optics ‘xAO’
(Beuzit et al. 2006; Fusco et al. 2014). A beamsplitter di-
vides the visible light of the star between ZIMPOL and the
wave front sensor (WFS) of SAXO. Observing in R′ band
allowed us to use the dichroic beamsplitter, which sends all
visible light except for the R band to the WFS, thus ensur-
ing an optimal AO correction. During the observations, the
seeing conditions were moderate to poor (0.9” - 1.2”), which
caused the Strehl ratio to vary by more than a factor of two.
The median Strehl ratio obtained was ∼3.5%, resulting in
a FWHM of ∼53 × 47 mas. The observing block was di-
vided into six cycles of the half-wave plate (HWP), during
which the HWPmoved to four angles (θhwp = 0◦; 45◦; 22.5◦;
and 67.5◦) to measure the two linear Stokes components.
For each HWP position, two exposures were taken of 120 s
each, which adds up to 96 minutes of total observing time.
The data reduction is described in detail by De Boer
et al. in prep., based on the description of ZIMPOL by
Schmid et al. (2012). The pixels of the two detectors have
a plate scale of 3.5885 ± 0.0025 mas per pixel (Ginski et
al. in prep.). We binned the pixels to a size of 14.354 mas.
We then substracted the two different states of the ferro-
electric liquid crystal (FLC), the 0 and pi frames (Schmid
et al. 2012), the ordinary and extra-ordinary beams of the
polarising beam splitter; and the two matching HWP angles
to obtain Stokes Q (for θhwp = 0◦ and 45◦) and U (for
θhwp = 22.5
◦ and 67.5◦).
Figure 1 shows the polarised intensity PI image and the
polar-coordinate Stokes parameters Qφ and Uφ (Schmid et
al. 2006), computed according to
PI =
√
Q2 + U2, (1)
Qφ = Q× cos 2φ+ U × sin 2φ, (2)
Uφ = Q× sin 2φ− U × cos 2φ, (3)
where φ is the position angle.
By measuring the signal over an unpolarised region sur-
rounding the star in the Q and U images, we determined
the instrumental polarisation (IP), for which we corrected
using the method described by Canovas et al. (2011).
The models of Canovas et al. (2015) show that it is
possible for an astrophysical signal to appear in the Uφ
images, even when single-scattering dominates. However,
this Uφ component only occurs for disks at high inclination
(i > 40◦). Since the disk of J1604 has an inclination of i =
6± 1.5◦ (Mathews et al. 2012), we can use the assumption
that the polarised scattered light is entirely tangential and
therefore only appear in Qφ, while Uφ should not contain
any scattered light signal from the disk. We optimised our
IP correction by minimising the Uφ signal and found an
optimum when we used an annulus of 10 ≤ r ≤ 15 binned
pixels.
3. Results
3.1. Radial profile
Figure 2 shows the overlay of the R′ band Qφ reflected
light and 880 µm continuum map from ALMA Cycle 0 ob-
servations (retrieved in the ALMA archive, Zhang et al.
2014). The radial profile of the polarised surface brightness
is also illustrated. This profile was obtained by calculat-
ing the mean value at each radius from the centre of the
Qφ image, and the error bars correspond to the standard
deviation at each position. As a result of poor seeing and
moderate AO performance, speckle noise inside a region
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Fig. 2. Left panel: overlay of the R′ band (0.626µm) Qφ reflected light (which is not scaled by r2) and 880 µm map from ALMA
Cycle 0 observations (contour lines every 10...90% peak of the 880 µm continuum emission) of J1604. Right panel: radial profile
of the polarised surface brightness (arbitrary units), and the comparison with the size of the mm-cavity observed with ALMA at
880 µm (Zhang et al. 2014). The cavity radius inferred from CO J = 3 − 2 emission is also displayed. The error bars correspond
to the standard deviation at each position from calculating the mean value at each radius from the centre of the image.
of 0.1” surrounding the star still dominates. Therefore, we
only show the profile from the radius of confidence (> 0.1′′
corresponding to >15 AU at 145 pc).
The radial profile shows that the reflected light at
0.626µm has a gap from 15 to 40 AU, and it has a bright
annulus from 40 to 80 AU. The reflected light extends until
∼120 AU. We fit a Gaussian profile to the ring emission
(a exp [−(x− b)2/2c2] + d), from ∼40 AU to ∼80 AU. The
centre of the Gaussian (b) and its width (c) were obtained
by χ2 minimisation, and the values are ∼61.5±0.3 AU and
∼8.5± 0.4 AU, respectively. These findings agree with the
H band scattered light observations obtained with HiCIAO
(Mayama et al. 2012). A comparison between the HiCIAO
and ZIMPOL data is shown in Appendix A. Compared with
the ALMA observations of the 880 µm continuum and CO
J = 3− 2 emission, the annulus at 0.626µm lies inside the
mm-cavity which has a radius of∼79 AU (Zhang et al. 2014,
Fig. 2). The gas cavity radius was inferred around 31 AU,
but remains unresolved, which is ∼9 AU closer in than the
location of the inner radius of the 0.626µm annulus.
The surface brightness emission beyond the peak de-
creases as ∝ r−2.92±0.03, indicating a flat and not a flared
disk (a more shallow profile is expected for a flared disk,
e.g., Whitney & Hartmann 1992; D’Alessio et al. 1998).
However, this profile is more shallow than the surface
brightness profile beyond the peak from the HiCIAO data
(∝ r−4.70±0.06, Fig. A.1).
3.2. Asymmetric structures
Figure 3 shows the radial mapping from 0.2-0.6” of the PI
image, which reveals one dip throughout the annulus. Since
the disk is almost face-on, the map was not corrected for the
inclination, because the projection would make very little
difference (. 0.5%). An azimuthal profile of the polarised
surface brightness was obtained by taking the mean values
between 0.35 − 0.48′′ after azimuthally binning the data
by two degrees, and considering the standard deviation of
the data for the error bars. The dip is clearly seen in this
azimuthal profile. By fitting a Gaussian profile to the az-
imuthal profile (i.e. a exp [−(x− b)2/2c2] − d), the best-fit
parameter (by χ2 minimisation) found for the location of
the dip minimum (b) is ∼46.2 ± 5.4◦. Comparing the re-
flected light at the minimum of the dip and outside the
dip, the reflected light is depleted by a factor of δdip∼0.72.
There are no other significant azimuthal changes of the ring
morphology for different P.A. (Appendix B). Mayama et al.
(2012) also detected a dip, but at ∼85◦ and with a higher
contrast than our observations δdip∼0.5. We found no indi-
cation of a second dip, which was marginally detected by
Mayama et al. (2012) at a P.A. of 255◦. This non-detection
might be due to the lower signal-to-noise of our observa-
tions.
The HiCIAO and the current data were taken a little
more than three years apart (April 11, 2012 and June 10,
2015). Assuming that the dip detected with our observa-
tions is the same as was reported by Mayama et al. (2012)
at 85◦, this would imply that the dip has a fast average ro-
tation speed of around 12.3± 1.7◦/year from east to north
(clockwise).
4. Discussion
The location of the edge of the gas cavity at 31 AU inferred
from observations of CO J = 3−2 of J1604 with ALMA lies
inside the gap seen in scattered light (Fig. 2). In the context
of planet disk interaction, when a massive planet opens a
gap in the disk, a spatial segregation is expected between
the location of the outer edge of the gap in gas and in dust,
which is predicted to become larger at longer wavelengths
(e.g. Pinilla et al. 2012). This is because the position of
the pressure maximum at the outer edge of a gap (i.e. the
location where the large particles do not experience radial
drift) can be much farther out than the planet position
and thus the location of the outer edge of the gap in gas.
The fact that in J1604 the edge of the gas cavity lies much
closer than the inner edge of the annulus detected in our
observations at R′ band points to a very massive planet or
companion.
de Juan Ovelar et al. (2013) predicted the radial pro-
file of emission at different wavelengths after performing
radiative transfer together with hydrodynamical and dust-
evolution modelling and combined with instrument simula-
tions (including ZIMPOL and ALMA). A large radial segre-
gation between the inner edge of the annulus or “wall” ob-
served with ZIMPOL polarimetric images (defined as the
radial location where the flux has increased by half from
the minimum in the gap and the peak of the annulus)
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Fig. 3. Left panel: radial mapping from 0.2-0.6 arcsec of the PI image of J1604 at R′ band. The colour scale is linear and arbitrary.
Right panel: azimuthal profile calculated from the mean values obtained between [0.35−0.48] arcsec (dashed lines in the left panel
and in the left panel of Fig. 1). The error bars are from the standard deviation of the data. The solid line represents the best fit
of a Gaussian by χ2 minimisation. The vertical lines show the location of the minimum of the dip from our observations and from
HiCIAO observations (Mayama et al. 2012).
and the peak of emission at submillimetre (850 µm) was
predicted for different planet masses and locations (Fig. 8
in de Juan Ovelar et al. 2013). For J1604, the location
of the wall of the annulus in R′ band is ∼52 AU, imply-
ing rwall−ZIMPOL/rpeak−ALMA∼0.65, which suggests a mas-
sive companion of 5 − 10 MJup mass embedded around
20− 40 AU distance from the star. An upper limit of ∼18-
21 MJup for a companion at 20-40 AU in J1604 has been
inferred from non-redundant aperture mask interferometry
(Kraus et al. 2008), which does not contradict our findings.
Interestingly, the location of the gas cavity inferred by ob-
servations of CO lies also in the same range. There is a slight
difference of the ring centre between HiCIAO and SPHERE
data, which is within the uncertainties of our data (approx-
imately ∼1.5 pixel size, i.e. a shift of ∼3 AU, Fig. A.1). The
peak of emission at R′ and H band can change for different
dust density distributions in the case of planet-disk inter-
action (shift of .5 AU for very massive planet & 15 MJup,
de Juan Ovelar et al. 2013).
If the dip in the ring of J1604 observed with HiCIAO
in 2012 is the same structure that we observe, then the
dip must be rotating quickly, with an angular speed of
∼12◦/year (clockwise as the disk rotation derived from
the CO emission Zhang et al. 2014). The local Keplerian
speed at the position of the dip (61 AU) is approximately
∼0.8◦/year, much lower than derived from the two obser-
vations. Instead, the dip could be the shadow of a structure
orbiting much closer to the star. The derived angular veloc-
ity corresponds to a Keplerian circular orbit at a distance
of only ∼9.6 AU from the star (for a 1M star). The na-
ture of the structure creating this shadow is unclear at the
moment, it could be a warp in the inner disk regions or a
more localised feature such as circumplanetary material of a
planet at that location. If the secondary dip in the HiCIAO
observations is confirmed, an inclined inner disk might be
responsible (Marino et al. 2015). Our observations provide
no direct constraints at 10 AU from the star.
If the ring-like structure is created by a planet carving a
gap, this planet would be much closer to the ring itself (at
20 − 40 AU), orbiting more slowly than the dip. The gap-
carving planet is therefore unlikely to be associated with
the shadowing structure.
It is of course also possible that the dips seen in 2012 and
in 2015 are unrelated temporary features, or that the dip
rotates in the other direction, that it has rotated over more
than 360 degrees, in which cases the derived angular ve-
locity is meaningless and the fact that we see different dips
might be related to the observed variability of J1604. While
no mid-infrared (MIR) excess was detected in IRS spectra
taken with Spitzer (Dahm & Carpenter 2009), photomet-
ric data between 3 and 16 µm obtained with the Wide-field
Infrared Survey Explorer (WISE) do show MIR excess, sug-
gesting an optically thick narrow ring located close to the
dust sublimation radius (Luhman & Mamajek 2012). The
discrepancy between WISE and IRS points to variability of
the inner disk. Rapid infrared variability has also been de-
tected in several other disks (e.g. Sitko et al. 2012; Flaherty
et al. 2013).
Future high-contrast observations (in a year or more
from now) can confirm whether the observed dip is the same
in HiCIAO and our observations and if it rotates with a
constant speed; or if the two observed dips are independent
events, which would suggest fast inner disk variability.
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Appendix A: Comparison with HiCIAO data
Figure A.1 shows the comparison between the azimuthally
averaged radial profile of the polarised surface brightness
at R′ and H band. The data are normalised to the maxi-
mum value at r > 0.2′′. By fitting a Gaussian profile to the
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Fig. A.1. Comparison between the azimuthally averaged radial
profile of the polarised surface brightness at R′ and H band. The
data are normalised to the maximum value at r > 0.2′′. Error
bars are omitted for better readability; typical values are 40%
and 30% of the mean value for R′ and H band respectively.
ring emission (a exp [−(x− b)2/2c2] + d), the centre of the
Gaussian is at ∼61.5± 0.3 and ∼64.8± 0.2 AU (for 145 pc
distance) for R′ and H band, respectively. The width of the
Gaussian is ∼8.5 ± 0.4 and ∼10.6 ± 0.9 AU for R′ and H
band respectively. The errors are from the χ2 minimisation
and are much smaller than the spatial uncertainty from the
observations (1 pixel size ∼2 AU). Fitting a power-law to
the brightness profile beyond the location of the peak, the
emission drops as ∝ r−2.92±0.03 and ∝ r−4.70±0.06 for R′
and H band, respectively.
Appendix B: Ring shape at different azimuthal cuts
Figure B.1 shows the radial profile of the azimuthally av-
eraged surface brightness over four bins of P.A. A Gaus-
sian profile is fitted to each case; the width and centre of
the Gaussians are summarised in Table B.1. The fitting re-
sults show that there are no significant azimuthal variations
of the ring within the uncertainties of the data (pixel size
∼2 AU).
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Fig. B.1. Radial profile of the polarised surface brightness ob-
tained assuming four different cuts of the P.A.
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Table B.1. Centre and width of the Gaussians fits for the pro-
files in Fig. B.1
Cut b (centre) c (width)
[AU] [AU]
NW 61.4 8.7
SE 61.4 8.4
NE 62.7 9.1
SW 64.0 9.2
Notes. The statistical errors are omitted since they are smaller
than the spatial uncertainty from the observations (1 pixel size
∼2 AU).
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